Thermally reflowed photoresist is used as an etch mask in inductively coupled plasma reactive ion etching of dielectric graded-refractive-index (GRIN) coatings. The coatings have varying compositions of TiO 2 and SiO 2 and are used to fabricate GRIN micropillars with tapered sidewalls. The effects of ion implantation on the dry-etch-resistance of photoresist are investigated for Si, N, and Ar ion implantation. Compared with the unimplanted photoresist, the implanted photoresists show enhanced dry-etch-resistance under fluorine chemistry (CHF 3 and O 2 ). The etch rate of the Si-implanted photoresist is 72% lower than that of the unimplanted photoresist. The measured depth of modification of the photoresist is in good agreement with the trend predicted by ion-implantation-simulation software. Using Si-implanted photoresist as an etch mask, five-layer GRIN micropillars with tapered sidewalls are fabricated.
I. INTRODUCTION
Graded-refractive-index (GRIN) coatings are coatings that consist of multiple dielectric layers having refractive indices (n) that gradually decrease from the substrate to the ambient. 1 GRIN coatings have been widely used as antireflection (AR) coatings in optical devices such as solar cells 2, 3 and light-emitting diodes (LEDs). 4, 5 Recently, it has been demonstrated that patterned GRIN coatings can improve the light-extraction efficiency of LEDs by eliminating total internal reflection. 6, 7 Such GRIN coatings consist of five layers of varying composition of the transparent dielectrics TiO 2 (n ¼ 2.5) and SiO 2 (n ¼ 1.5). The GRIN coatings are then patterned into GRIN micropillars with vertical sidewalls through inductively coupled plasma (ICP) reactive ion etching (RIE) using an ITO hard mask.
Furthermore, it was proposed that when compared to GRIN micropillars with vertical sidewalls, GRIN micropillars with tapered sidewalls can further promote light extraction in LEDs. 9 As shown in Fig. 1 , compared to micropillars with vertical sidewalls, micropillars with tapered sidewalls allow more oblique light rays to strike the sidewalls at nearnormal incidence and escape from the LED semiconductor. Thus, more oblique light rays can be directly out-coupled through tapered sidewalls than through vertical sidewalls. A more detailed explanation can be found in the earlier literature. 9 A most popular fabrication method for structures with tapered sidewalls is pattern-transfer using thermally reflowed photoresist and dry etching. 10, 11 However, it is difficult to fabricate multilayer structures with a large thickness using this method. This is because, during dry etching, the dryetch-resistance of photoresist is undesirably low. The dryetch-resistance of photoresist is inversely proportional to the etch rate of photoresist, which in the present study ranges between about 0.1 and 1.0 lm/min. Increasing the thickness of photoresist is not an option since there is a trade-off between the thickness of photoresist and the minimum feature size so that small features would no longer be feasible.
It was reported that photoresist becomes more resistant (mechanically, thermally, and chemically) after ionimplantation (with boron and phosphorus) due to a change of the ion-implanted photoresist to a graphite-like structure. 12, 13 In the present paper, we study the effects of Si, N, and Ar ion implantation on the dry-etch-resistance of photoresist. The trend of the measured depth of modification of the photoresist agrees well with the depth simulated by ionimplantation-simulation software (SRIM).
14 Based on the improvement in the dry-etch-resistance of photoresist, we fabricate five-layer GRIN micropillars with tapered sidewalls using the ion-implanted photoresist as an etch mask.
II. EXPERIMENT
In this study, we first process a three-layer GRIN coating into micropillars with tapered sidewalls and then use the results to process an optimized five-layer GRIN coating into micropillars with tapered sidewalls. A three-layer GRIN coating made of TiO 2 and SiO 2 with varying composition in each layer is deposited by co-sputtering on Si substrates. During the sputter deposition, the Ar and O 2 flow rates are 10 and 0.5 sccm, respectively. The sputter-chamber pressure is kept at 2 mTorr during deposition. The substrate is kept at room temperature. The electrical powers applied to the two sputtering targets are carefully adjusted so that each layer has the desired material composition and refractive index. The thickness and refractive index of each layer is measured by VASE (Variable Angle Spectroscopic Ellipsometry). The measured thickness, measured refractive index, and the material composition (as inferred from VASE) of each layer are shown in Table I for the three-layer and five-layer GRIN coating. As shown in Table I , the thickness of each layer is around 300 nm; thus, the total thickness of the three-layer GRIN coating is around 900 nm and that of the five-layer GRIN coating is around 1.5 lm.
Three-layer GRIN coatings are patterned by contact photolithography using Shipley Company's S1813 photoresist. The patterned photoresist is then reflowed by hard-baking the pattern at 145 C for 5 min. Each element of the thermally reflowed photoresist pattern has a dome shape. The dome is approximately a hemisphere with a base diameter of 4 lm and a thickness of 1.8 lm. Here, the thickness of the dome-shaped photoresist is defined as the distance between the top of the dome-shaped photoresist and the bottom plane of the photoresist.
In order to study the effects of ion-implantation on the dry-etch-resistance of photoresist, three widely used ion species, Si, N, and Ar ions, are implanted into the S1813 photoresist pattern. The ion-implantation conditions for the ion-implanted photoresists are summarized in Table II . As shown in Table II , the ion-implantation conditions are the same for three ion species: each ion element is implanted using three consecutive implantation steps with each step using the same dose but gradually decreasing implantation energies. The three implantation energies are selected to achieve a more uniform implantation profile throughout the photoresist. For comparison, a reference sample coated with the unimplanted photoresist is also patterned by dry-etching. The three-layer GRIN coatings are subsequently etched for 150 s under 600 W ICP power, 250 W RIE power, 60 sccm CHF 3 , and 15 sccm O 2 with the etch-chamber pressure at 25 mTorr. The fluorine chemistry is selected to achieve smooth sidewalls with a minimum of etch residue. 8 After dry etching, the remaining photoresist and etch residue is removed by immersing the samples into AZ 300t (a photoresist stripper) at 80 C for 60 min. Figure 2 shows the simulated ion concentration in the photoresist as a function of the depth (into the photoresist) for Ar, Si, and N implantation. The simulation is performed using the SRIM simulator.
III. RESULTS AND DISCUSSION
14 As shown in Fig. 2 , for each type of ion, there are three ion concentration peaks, each of which corresponds to a specific implantation energy. For an implantation dose of 5 Â 10 15 cm
À2
, the peak ion concentrations are within the range of 1 Â 10 20 to 1 Â 10 21 cm À3 depending on energy. In addition, N ions have the largest projected range in the photoresist, while Ar ions have the smallest projected range in the photoresist. This is because for a given energy, the lighter atoms strike the photoresist with a higher velocity and penetrate more deeply into the photoresist. 15 In our experiment, N atoms have the lightest atomic mass among the three elements and thus have the largest projected range in the photoresist; Ar atoms have the heaviest atomic mass among the three elements and thus have the smallest projected range in the photoresist. Figure 3 shows the cross-sectional scanning electron microscopy (SEM) images of patterned photoresist on the three-layer GRIN coating, which is unimplanted, Siimplanted, N-implanted, and Ar-implanted. Inspection of Fig. 3 shows cross-sections of reflowed photoresist with a homogeneous appearance for the unimplanted photoresist [ Fig. 3(a) implantation depth is in good agreement with the trend predicted by the SRIM simulation shown in Fig. 2, i. e., the thickness of the outer shell (t outer shell ) is largest for the N-implanted photoresist and smallest for the Ar-implanted photoresist. The quantitative differences between the simulated thickness (i.e., projected range) and the measured thickness may come from the compositional difference in the photoresist used in the simulation (AZ-111, C 5 H 8 O 2 ) and in the experiment (the parameters of the proprietary S1813 photoresist are not available in the simulation materials data base).
After dry etching, the GRIN coating is patterned into arrays of GRIN micropillars. Figure 4 shows post-dryetching cross-sectional SEM images of reflowed domes that are (a) unimplanted, (b) Si-implanted, (c) N-implanted, and (d) Ar-implanted. The domes are located on a three-layer GRIN micropillar. As shown in Fig. 4 , the remaining photoresist in the unimplanted sample is minimal (very small thickness), while there is still plenty of remaining photoresist in the ionimplanted samples, indicating the much improved postimplantation dry-etch-resistance of photoresist. Inspection of Fig. 4 also shows that the etch rate of the dielectric GRIN layers is not affected by the ion-implantation.
Next, we quantify the enhancement in the dry-etch-resistance of photoresist. We note that the dry-etch-resistance of photoresist is inversely proportional to the etch rate of photoresist. Thus, a lower etch rate of photoresist indicates a higher dry-etch-resistance of photoresist. Table III summarizes the etch rates of the unimplanted and ion-implanted photoresists. It reveals that the dry-etch-resistance of photoresist is much improved after ion-implantation for all three ion species. The largest enhancement is found for the Siimplanted photoresist, whose etch rate decreases from 0.60 to 0.17 lm/min, i.e., by 72% from that of the unimplanted photoresist.
We notice that although the N ions have the largest projected range in the photoresist, the Si ions result in the largest improvement in the dry-etch-resistance. This, however, cannot be fully explained by the earlier model, 13 i.e., cannot be fully explained by the ion-implanted photoresist changing into a graphite-like structure, since in that case the enhancement in the dry-etch-resistance of photoresist should be directly proportional to the projected range of ions in the photoresist. Our results suggest that, in addition to the reported change of the ion-implanted photoresist to a graphite-like structure, the enhancement of the dry-etch-resistance of photoresist also comes from the newly formed bonds between the photoresist's remaining C atoms and the implanted atoms (i.e., Si, N, and Ar atoms). In our experiments, the Siimplanted photoresist has a larger improvement in dry-etchresistance than the N-and Ar-implanted photoresist; this is presumably because (i) Si atoms and C atoms have a similar electronic structure; (ii) the implanted Si atoms form stronger chemical bonds with the photoresist's remaining C atoms (higher bonding energy) than the bonds between implanted N and Ar atoms and the photoresist's remaining C atoms; 16 (iii) during implantation, the photoresist presumably cross-linked and incorporated Si atoms into its structure.
Based on the results shown above, we propose the following method to fabricate five-layer GRIN micropillars with tapered sidewalls. The method is to use the ion-implanted photoresist that has much improved dry-etch-resistance when used as an etch mask. As a demonstration of the method, Fig. 5 shows the cross-sectional SEM images of a five-layer GRIN micropillar with tapered sidewalls fabricated by using Si-implanted photoresist as an etch mask during dry etching. The structure of the five-layer GRIN coating is shown in Table I . The etch conditions are the same as previously mentioned, except for the etch time which is increased to 250 s. As shown in Fig. 5(a) , there is still some photoresist remaining after dry etch, once again indicating the much improved dry-etch-resistance for the Si-implanted photoresist. The cross-section of a five-layer GRIN micropillar with tapered sidewalls is shown in Fig. 5(b) . Inspection of Fig. 5(b) shows that the taper (i.e., angle of inclination) of the top layer (SiO 2 ) is larger than that of the lower-lying layers. This is mainly because, during dry etching, the etch mask of the top layer is the photoresist, while the etch mask of a lower-lying layer is the dielectric layer above itself. Even after ion implantation, the dry-etch-resistance of the photoresist is still lower than that of the dielectric layers. Thus, the taper is largest in the top layer. A possible solution is to modify the etch recipe for each layer so that a uniform taper in each layer can be achieved.
IV. SUMMARY AND CONCLUSIONS
In summary, thermally reflowed photoresist, which results in dome-shaped features, is used as an etch mask in ICP RIE of dielectric GRIN coatings. The coatings have varying compositions of TiO 2 and SiO 2 and are used to fabricate GRIN micropillars with tapered sidewalls. The effects of ion implantation on the dry-etch-resistance of photoresist are investigated for Si, N, and Ar ion implantation. Compared with the unimplanted photoresist, the implanted photoresists show enhanced dry-etch-resistance under fluorine chemistry (CHF 3 and O 2 ). The etch rate of the Si-implanted photoresist is 72% lower than that of the unimplanted photoresist. The measured depth of modification of the photoresist is in good agreement with the trend predicted by SRIM. Our results suggest that in addition to the change of the ion-implanted photoresist to a graphite-like structure, the enhancement of the dry-etch-resistance of photoresist also comes from the newly formed bonds between the photoresist's remaining C atoms and the implanted atoms (i.e., Si, N, and Ar atoms). Using Si-implanted photoresist as an etch mask during dry etching, we demonstrate the fabrication of 1.5-lm-thick five-layer GRIN micropillars with tapered sidewalls. 
